INTRODUCTION
============

Resting voltage potential in non-excitable cells is an important regulator of cellular properties such as proliferation, migration and shape ([@b19-0060595]; [@b99-0060595]). Moreover, endogenous bioelectric signals (patterns of resting potential in all tissues) encode a set of morphogenetic cues that provide patterning control during regeneration ([@b55-0060595]; [@b57-0060595]), development ([@b4-0060595]; [@b58-0060595]) and wound healing ([@b76-0060595]; [@b65-0060595]; [@b66-0060595]). Thus, ion flows and the resulting voltage gradients are highly relevant to the understanding of cancer as a developmental disorder and to the prediction and control of neoplastic cell behaviors ([@b90-0060595]; [@b50-0060595]; [@b59-0060595]).

A relationship between cancer and the bioelectric properties of host tissue was suggested long ago on the basis of physiological measurements ([@b27-0060595]; [@b25-0060595]; [@b34-0060595]). Interestingly, membrane voltage (*V*~mem~) analysis in many different mammalian cell types reveals that proliferative potential is correlated with unique ranges of *V*~mem~: quiescent cells tend to be hyperpolarized, whereas highly plastic cells such as embryonic cells, adult stem cells and tumors cells are depolarized ([@b18-0060595]; [@b55-0060595]). The relationship between resting potential and proliferative plasticity is not merely correlative: *V*~mem~ is a causal factor in the control of proliferation and differentiation. For example, prolonged depolarization induces mature central nervous system neurons to re-enter mitosis and causes fibroblasts to overproliferate ([@b34-0060595]; [@b34-0060595]), and also prevents stem cells from differentiating ([@b98-0060595]).

Modern work using molecular genetics methods has linked several ion channel and pump genes to cancer ([@b91-0060595]; [@b81-0060595]; [@b83-0060595]; [@b53-0060595]; [@b97-0060595]; [@b21-0060595]; [@b17-0060595]), and small molecule compounds targeting ion channels have been suggested as candidates for cancer drugs ([@b11-0060595]; [@b12-0060595]). Not surprisingly, the normal expression patterns of a number of ion channels are altered in tumors ([@b93-0060595]; [@b42-0060595]), and ion channel loci are starting to be identified as oncogenes in microarray studies of several cancer types ([@b83-0060595]; [@b77-0060595]; [@b49-0060595]; [@b87-0060595]). Thus, an understanding of the roles of ion flow in cancer initiation and tumor progression is of high importance for basic biology and medicine.

During the early stages of tumor formation, *V*~mem~ is a key regulator of the cell cycle and determines the proliferative state of many different kinds of cells ([@b19-0060595]). Depolarization of a broadly distributed cell population in the *Xenopus* tadpole leads to upregulation of Sox10 and SLUG and induces a phenotype similar to metastatic melanoma: the pigment cells (melanocytes) overproliferate, acquire a highly arborized abnormal cell morphology and extensively colonize soft tissues in a manner dependent on matrix metalloproteases ([@b71-0060595]; [@b20-0060595]). Importantly, this phenotype is completely independent of which ion channel is used to control *V*~mem~. The same effect was obtained (or rescued) by using the appropriate combination of several chloride, potassium, sodium or proton translocators ([@b71-0060595]; [@b20-0060595]).

###### TRANSLATIONAL IMPACT

**Clinical issue**

Cancer is a major world-wide health problem for which definitive solutions remain elusive. Transmembrane voltage gradients in non-excitable somatic cells are important regulators of growth and form, and thus are potential candidates for altering developmental signaling whose dysregulation leads to cancer. Although specific ion channels have been implicated in carcinogenesis and shown to affect cell behavior in culture, the role of voltage gradients has not been examined in tumorigenesis *in vivo*. Could non-invasive methods of tracking bioelectrical cell states facilitate detection of tumors and their margins? Moreover, might targeted modulation of resting potential be used to suppress tumor formation by canonical oncogenes?

**Results**

In this paper, the authors induced tumors in the *Xenopus laevis* tadpole by misexpressing different oncogenes associated with human cancers. Tumor-like structures were clearly distinguishable by a unique physiological signature conferred by their depolarization, which could be visualized using a fluorescent voltage reporter dye. Remarkably, artificial hyperpolarization of oncogene-bearing cells via a variety of ion channels significantly reduced the formation of tumors *in vivo*. This effect is probably mediated by regulation of the cancer-linked butyrate transporter by transmembrane voltage.

**Implications and future directions**

These data implicate bioelectric signaling in the induction of tumors by oncogenes, revealing a new layer of regulation in cancer biology. The functional data highlight the importance of resting potential as the mediator of developmental signals that normally orchestrate cell activity towards the anatomical needs of the host, and show that a disruption of these gradients is a component of tumorigenesis. The ability to detect such tumors and their edges using a non-invasive (optical sensing) approach suggests exciting possibilities for a new detection and diagnostic modality. Most importantly, the ability of pharmacological or molecular-genetic methods of hyperpolarizing cells and thus preventing tumor formation despite strong oncogene presence points to a new class of therapies for suppressing tumors based on ion channel drugs that are already approved for human use.

Thus, several major open questions face this field today. First: how do the actions of ion channels and pumps *in vivo*, which normally work to establish and maintain anatomical structures, regulate the development of tumors? Second: how do these physiological gradients interact with the pathways activated during oncogene-induced carcinogenesis? Finally: how can bioelectric cues be harnessed for better prediction of tumor incidence and normalization of such abnormal growth? A better understanding of ionic controls of growth and form will have important implications for the development of strategies for prevention, detection and normalization that capitalize on bioelectric control points. Motivated by the known role of bioelectrical signals in morphogenesis and the possibility that cancer reveals a loss of morphogenetic control, we explored resting potential (*V*~mem~) in non-excitable cells as a molecularly tractable parameter by which tumorigenesis can be detected and controlled.

*Xenopus laevis* is widely used as a model system due to its rapid development, accessibility and tractability for molecular, electrophysiological and optical studies. Even more than the zebrafish model, which has recently gained popularity for studies of cancer mechanisms ([@b52-0060595]), *Xenopus* facilitates biophysical and physiological approaches to understanding developmental signals ([@b5-0060595]). The frog model also features well-characterized oncogenes (*Gli1*, *Xrel3* and *Kras^G12D^*) and a mutant tumor suppressor (*p53^Trp248^*), whose mRNAs have been used to induce tumor-like structures in *Xenopus* or zebrafish embryos ([@b37-0060595]; [@b105-0060595]; [@b107-0060595]; [@b55-0060595]). These induced tumor-like structures (hereafter referred to as ITLS) are caused by the same human oncogenes that are strongly associated with human tumors. Such growths are, strictly speaking, 'tumors', but because the amphibian system does not recapitulate the full complexity of the human tumor, we refer to them as tumor-like. ITLSs result from interference with canonical signaling pathways altered in human cancer, i.e. the Hedgehog/Patched pathway (Gli1), NF-κB transcription factor-dependent signal transduction pathway (Xrel3), RAS signaling pathway (Kras^G12D^) and p53 pathway (p53^Trp248^). Thus, ITLSs are relevant to several cancers such as melanoma, leukemia, lung cancer and rhabdomysarcoma ([@b96-0060595]; [@b45-0060595]; [@b68-0060595]; [@b32-0060595]).

Here we show that ITLSs induced by canonical oncogenes *in vivo* uniquely exhibit depolarized *V*~mem~. This bioelectric signature is also present in precursor ITLS sites, allowing the use of *V*~mem~ as a bioelectric marker to predict the occurrence of ITLS foci before they become histologically and morphologically apparent. Moreover, we show that the partially depolarized nature of prospective ITLS sites is causal: partial rescue of ITLS formation is achieved by the overexpression of hyperpolarizing channels. Importantly, the effect is specific to changes in *V*~mem~ (not restricted to the function of one ion species or a particular channel protein) and is transduced into genetic responses via the *V*~mem~-guided activities of SLC5A8 (sodium-butyrate exchanger). We suggest that the HDAC-inhibitory nature of butyrate is responsible for events contributing to suppression of ITLSs at the transcriptional level. These data indicate that *V*~mem~ is an essential cellular parameter by which ITLSs caused by genetic elements of high relevance to human cancer can be detected and controlled.

RESULTS
=======

Canonical oncogenes and mutant tumor suppressor result in ITLSs in *Xenopus laevis* embryos
-------------------------------------------------------------------------------------------

To establish an *in vivo* model in which to investigate the role of bioelectric cues in regulating cell behavior during tumorigenesis, we used *Xrel3*, *Gli1*, *p53^Trp248^* and *Kras^G12D^*, which are gene products of high relevance to melanoma, leukemia, lung cancer and rhabdomyosarcoma that induce tumor-like structures. Microinjection of mRNAs encoding these genes into a single blastomere resulted in clearly identifiable ITLSs (and no other developmental defects) in as many as 50% of treated embryos ([Fig. 1](#f1-0060595){ref-type="fig"}). These ITLSs resembled those observed and previously characterized in published studies, which showed that highly proliferative cells lacking differentiation ([@b105-0060595]) constitute such ITLSs ([@b37-0060595]) and that transplantation of oncogene-expressing tissue onto an unperturbed host results in formation of ITLSs ([@b55-0060595]). Furthermore, we confirmed an additional hallmark property of ITLSs by demonstrating their ability to attract vasculature within ITLS. Immunohistochemistry with anti-H3B-*p* antibody on unperturbed control sections ([Fig. 2A](#f2-0060595){ref-type="fig"}) and cross-sections of ITLS ([Fig. 2B](#f2-0060595){ref-type="fig"}) revealed that tumors contain a significantly higher fraction of mitotic cells than do cells in ITLS-free regions of the same section or in untreated embryos (*n*=9 per treatment, *P*\<0.05) ([Fig. 2C](#f2-0060595){ref-type="fig"}). Cross-sections also revealed that ITLSs are not only ectodermal ([Fig. 2E](#f2-0060595){ref-type="fig"}, red arrowhead) but can also be formed in underlying deep tissues ([Fig. 2E](#f2-0060595){ref-type="fig"}, red circular traces). Demonstrating the ability of ITLS to attract vasculature, networks of blood vessels around *Xrel3* ITLSs were observed in stage 45 embryos with tumors ([Fig. 2F](#f2-0060595){ref-type="fig"}).

![**Overexpression of canonical oncogenes or a mutant tumor suppressor results in the formation of ITLSs in *Xenopus laevis* embryos.** (A) Unperturbed embryo showing normal development at stage 34. (B--E) Embryos showing the presence of ITLS (red arrowheads). To generate ITLSs, 16-cell stage embryos were injected with 0.5--2 ng of *Xrel3*, *Gli1*, *Kras^G12D^* or *p53^Trp248^* mRNA into a single blastomere. Injected embryos were raised to tail-bud stages (∼28--40), scored for the presence of ITLSs and imaged using brightfield microscopy. Scale bars: 1 mm.](DMM010835F1){#f1-0060595}

![**Induced foci exhibit hallmark characteristics of tumors.** (A,B) To analyze proliferation in ITLS regions, embryos were fixed, embedded in agarose, sectioned (as shown in the schematic), and processed for immunohistochemistry with anti-H3B-*P* antibody: (A) Control section and (B) section through ITLS showing signals of H3B-*P*-positive cells. The regions traced in white dashes and denoted by 'Do' is a region dorsal to the gut; the region traced in yellow dashes is an ITLS region. (C) Quantification of H3B-*P* signals per pixel area showed significantly higher numbers of proliferative cells in ITLS regions than in dorsal-to-the-gut regions of the same sections or control embryo sections (*n*=9); \*\**P*\<0.01, \*\*\**P*\<0.001 (one-way ANOVA, Bonferroni post hoc analysis). (D) Unperturbed embryo sectioned through the red axis (see schematic); (E) *Xrel3*-induced ITLS sectioned through the same axis. High-magnification analysis reveals that ITLS (red arrowheads) induced by our method can affect not only the epidermis but can also form in internal tissues of the animal (red circular traces). (F) *Xrel3*-induced ITLS in the tail region showing the ability to attract vasculature (blue arrowheads), as would most real tumors. Red arrowheads represent normal tail vasculature. Scale bars: 100 μm (A,B,D,E); 500 μm (F).](DMM010835F2){#f2-0060595}

ITLSs exhibit a unique depolarized *V*~mem~ signature
-----------------------------------------------------

We next examined whether ITLSs ([Fig. 3A](#f3-0060595){ref-type="fig"}, yellow circular trace) exhibit a unique *V*~mem~. Embryos with ITLSs were immobilized with *N*-benzyl-*p*-toluene sulfonamide (a direct myosin inhibitor that is preferable in this case to the use of common ion channel-targeting anesthetics) and imaged in a solution of DiBAC~4~\[3\], a fluorescent reporter of *V*~mem~ that works well *in vivo* to reveal gradients of transmembrane potential ([@b8-0060595]; [@b9-0060595]; [@b79-0060595]). For these experiments, mRNA injections targeted the outer layers of the embryo to facilitate *V*~mem~ imaging through pigmented epidermis. This non-invasive imaging technique revealed that *Xrel3* ITLSs are clearly demarcated from surrounding tissue by a depolarized transmembrane potential ([Fig. 3B,C](#f3-0060595){ref-type="fig"}, yellow circular traces). The unique depolarization relative to surrounding tissue was also observed for *Gli1* and *Kras^G12D^* ITLSs (data not shown), suggesting *V*~mem~ as a marker of ITLSs of diverse genetic origin.

![**ITLSs exhibit depolarized *V*~mem~**. (A) Brightfield image of a *Gli1-*induced ITLS (outlined in yellow dashes) on the tail of a stage 40 embryo. (B) Depolarization of ITLSs regions was observed when the same embryo was imaged in DiBAC~4~(3), a fluorescent reporter of *V*~mem~, using the FITC filter set of a fluorescent microscope. (C) Overlay of brightfield and DiBAC~4~(3) images showing a depolarized *V*~mem~ signature exclusive to the ITLS region. Scale bars: 1 mm.](DMM010835F3){#f3-0060595}

Depolarized *V*~mem~ predicts the formation of ITLSs
----------------------------------------------------

We next asked whether the observed depolarization indicates an ITLS precursor site and predicts the development of morphologically apparent ITLSs later in development. We collected *Xrel3*-, *Gli1*- and *Kras^G12D^*-injected embryos at the neurula stage (stage 15), before ITLSs are directly apparent. Embryos were then imaged using CC2-DMPE and DiBAC~4~(3), and grouped into two categories based on the presence (or absence of) discrete depolarized area. Several days later, the stage 35 tadpoles in both categories were scored for the presence of ITLSs ([Fig. 4A](#f4-0060595){ref-type="fig"}). To assess the effectiveness of depolarization in predicting ITLS formation, data collected were processed to calculate predictive metrics including true or false positives, true or false negatives, test sensitivity and test specificity ([Table 1](#t1-0060595){ref-type="table"}).

![**Depolarization predicts the formation of *Xrel3* ITLSs.** (A) Experimental design for predictive testing: 0.5 ng of *Xrel3* mRNA was injected into a single blastomere of 16-cell stage embryos; injected embryos were raised to stage 15 and imaged with the voltage-sensitive dye pair DiBAC~4~(3) and CC2-DMPE using fluorescent confocal microscopy; imaged embryos were sorted into two categories based on the presence (or lack of) depolarized foci; and embryos were raised to stage 35 and scored for ITLSs to assess success rate of depolarization as a predictor of ITLS. Data were used to calculate true positives (cases in which depolarized signal was present and an ITLS formed), false positives (cases in which depolarized signal was present but no ITLS formed), false negatives (ITLS formation that was not preceded by depolarized signal), and sensitivity and specificity values (calculated as described in Materials and Methods). (B) Images showing positive outcome of predictive testing. At stage 15 (left), when there are still no histological or morphological signs of neoplasm, *Xrel3*-injected embryos show a depolarized area (red arrowhead), which later forms an ITLS at stage 34 (right). Depolarization along the neural tube (yellow arrowhead) is a bioelectric signature of neurulation ([@b103-0060595]). Scale bars: 150 μm (left); 1 mm (right). (C) Depolarized foci were present in a significantly higher number of embryos injected with the oncogene mRNA (χ^2^ test compared with uninjected embryos, \**P*\<0.001), \>51% of which (red bar) formed morphologically apparent ITLSs by stage 35 (χ^2^ test compared with uninjected embryos, ^\#^*P*\<0.001). Although depolarization was present in a small percentage of embryos injected with control mRNAs, no ITLSs were observed.](DMM010835F4){#f4-0060595}

###### 

ITLS predictive parameters of depolarized foci

![](DMM010835T1)

Depolarized foci ([Fig. 4B left; 4C](#f4-0060595){ref-type="fig"}) were present in 19.4% of *Xrel3*-injected embryos (56% of which formed ITLSs ([Fig. 4B right; 4C](#f4-0060595){ref-type="fig"}); in 29.5% of *Gli1*-injected embryos (52.4% of which formed ITLSs); and in 25.3% of *Kras^G12D^*-injected embryos (51.2% of which formed ITLSs) ([Table 1](#t1-0060595){ref-type="table"}). Although a small percentage of embryos displayed depolarized foci, no ITLSs were observed in uninjected controls or in those injected with control mRNAs encoding fluorescent proteins (tdTomato or GFP3) ([@b109-0060595]; [@b104-0060595]) ([Fig. 4C](#f4-0060595){ref-type="fig"}). Depolarization of prospective tumor sites was further confirmed using electrophysiology: Xrel3-expressing cells, relative to unperturbed cells, are depolarized by an average of approximately −11 mv (*n*=5, *P*\<0.001) ([supplementary material Fig. S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.010835/-/DC1)). Taken together, these data indicate that relative depolarization is a bioelectrical signature of pre-neoplastic cells. Given that the usual conversion rate of a precancerous lesion into cancer is about 0.1--1% per year (e.g. actinic keratosis becoming squamous cell carcinoma), the ∼45--50% conversion rate revealed by these data show that the depolarization marker can be used as a reliable indicator of ITLS appearance.

Hyperpolarization suppresses the formation of ITLSs
---------------------------------------------------

We next performed functional experiments to test the hypothesis that forced hyperpolarization would negate the effects of depolarization and thus suppress tumorigenesis. We co-injected a hyperpolarizing ion channel and *Xrel3* into the same blastomere of 16-cell stage embryos. Here, Xrel3 was fused with tdTomato (bright red fluorescent protein) to allow spatial detection of the areas that had received oncogene injections ([Fig. 5A](#f5-0060595){ref-type="fig"}) and indicate the presence of the oncogene's protein product ([Fig. 5Ai, Aii](#f5-0060595){ref-type="fig"}; [Fig. 5B](#f5-0060595){ref-type="fig"}). We used well-characterized hyperpolarizing ion channel mRNAs, including an inward rectifying potassium channel (Kir4.1) ([@b64-0060595]; [@b13-0060595]; [@b20-0060595]) and a constitutively open, glycine-gated chloride channel (GlyR-F99A) ([@b102-0060595]; [@b20-0060595]), both of which have been used in such 'rescue' studies and shown to be effective in controlling developmental voltage gradients in *Xenopus* in such rescue strategies. The use of two very different ion translocator constructs (Cl^−^ and K^+^) allowed us to determine whether any ITLS suppression effect was due to changes in *V*~mem~ per se, or to ion-specific or channel-specific properties.

![**Hyperpolarization suppresses the formation of *Xrel3* ITLSs.** (A) To visualize and track ITLSs, mRNA encoding a fusion construct of *Xrel3* and tdTomato was injected into a single blastomere of 16-cell stage embryos. (Ai,Aii) ITLSs resulting from *Xrel3*-2A-tdTomato injections were highly fluorescent when visualized under a TRITC filter set. (Aiii) Overlay of brightfield (BF) and TRITC images shows colocalization of ITLS and red fluorescent signal, confirming that foci of oncogene expression are the cells that form ITLS. (B) To test whether hyperpolarization (driving depolarized *V*~mem~ back to the normal state) suppresses ITLS formation, a constitutively open, glycine gate chloride channel (GlyRF99A-GFP3) was co-injected with *Xrel3*-2A-tdTomato into a single blastomere of a 16-cell stage embryo. (Bi) Morphologically apparent ITLSs were often missing from these embryos. (Bii,Biii) Nevertheless, there was expression of Xrel3 protein evidenced by the presence of tdTomato signal. (Biv,Bv) Expression of hyperpolarizing channel protein (GlyRF99A-GFP3) was driven in the same region (Bvi) as Xrel3-2A-tdTomato expressing cells. (C) Fold change in ITLS for embryos co-injected with *Xrel3* plus channel mRNA compared with *Xrel3*-only injected embryos. *Xrel3*-only injected embryos with ITLS have a ratio of one; ratio values below and above one represent fewer and more embryos with ITLS, respectively. Two very different hyperpolarizing channels (based on Cl^−^ and K^+^) both resulted in suppression of ITLSs, demonstrating that this effect is due to change in *V*~mem~ and not tied to one channel protein or one ion. Fold decreases of 1.54 and 1.62 in the number of embryos were observed for Kir4.1- (K^+^ hyperpolarizing channel) and GlyRF99A-injected embryos, respectively (one sample *t*-test, \*\**P*\<0.01 compared with a normalized value of 1 that represents ITLS incidence in *Xrel3*-only injected embryos). The number of embryos with ITLS was also increased (1.4-fold) by further depolarizing *Xrel3*-only injected embryos via ivermectin (one sample *t*-test, \**P*=0.05 compared with *Xrel3*-only injected embryos). Scale bars: 1 mm](DMM010835F5){#f5-0060595}

Whereas the Kir4.1 channel hyperpolarizes cells of an embryo in 0.1× Marc's modified Ringers (MMR) (facilitating efflux of positive K^+^ ions), GlyR-F99A does so when 0.1× MMR is supplemented with high levels of chloride. The 0.1× MMR medium contains 10 mM of Cl^−^ compared with ∼60 mM concentration of the intracellular environment. By introducing GlyRF99A and raising the extracellular concentration of Cl^−^ to 70 mM, we were able to force inward flow of Cl^−^, thus hyperpolarizing cells, as previously described ([@b20-0060595]). Hyperpolarization (relative to surrounding tissue) by GlyRF99A + 70 mM Cl^−^ was detected using CC2-DMPE (a *V*~mem~-sensitive dye) imaging ([supplementary material Fig. S2](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.010835/-/DC1)) as previously described ([@b20-0060595]; [@b7-0060595]; [@b6-0060595]). Hyperpolarization was further quantitatively confirmed using electrophysiological impalement. Tadpole cells expressing GlyRF99A in 70 mM Cl^−^ were hyperpolarized by 19.4 mV compared with controls (untreated siblings) (*n*=5, *P*\<0.001) ([supplementary material Fig. S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.010835/-/DC1)). Embryos were co-injected with mRNAs encoding *Xrel3*-2A-tdTomato and GlyRF99A-GFP3 or Kir4.1-GFP3. Localization of Xrel3 and GlyRF99A proteins in the same regions was confirmed by fluorescently tracking tdTomato and GFP3 signals, respectively. The incidence of morphologically apparent ITLSs was reduced in embryos co-injected with *Xrel3* and GlyRF99A ([Fig. 5Bi](#f5-0060595){ref-type="fig"}). Although suppression of ITLSs could in principle be due to hyperpolarization-mediated degradation of the oncogene product, this was ruled out by confirming the presence of Xrel3 protein by bright signal from a fused fluorescent protein ([Fig. 5Bii,Biii](#f5-0060595){ref-type="fig"}). Thus, hyperpolarization was able to significantly suppress formation of ITLSs even when the oncogene product ([Fig. 5C](#f5-0060595){ref-type="fig"}) was still present in the tissue ([Fig. 5Biv--Bvi](#f5-0060595){ref-type="fig"}). Crucially, similar results were observed when Kir4.1 (1.54-fold decrease in ITLS, *P*\<0.05) was used in place of GlyRF99A (1.62-fold decrease in ITLS, *P*\<0.05) ([Fig. 5C](#f5-0060595){ref-type="fig"}), demonstrating that suppression of ITLSs is due to changes in *V*~mem~ per se and not specific to one ion channel protein or one ion species. Consistent with this conclusion, exposure to ivermectin, which opens native GlyR channels and depolarizes cells ([@b71-0060595]; [@b20-0060595]), resulted in a 1.4-fold increase in the number of embryos having *Xrel3* ITLSs ([Fig. 5C](#f5-0060595){ref-type="fig"}, red bar), demonstrating that the incidence of ITLS formation can be increased or decreased by alteration of resting potential.

Taken together, these data show that the relatively depolarized nature of prospective ITLS sites is not only a convenient detection marker, but is also functionally instructive. Moreover, expression of well-characterized ion translocators is a convenient technique by which *V*~mem~ can be artificially perturbed to lower the ITLS incidence.

Changes in *V*~mem~ are transduced via SLC5A8-dependent mechanisms
------------------------------------------------------------------

In order to regulate cell behavior, physical changes at the membrane must be transduced by second-messenger pathways into alterations of transcription. Bioelectrical events are coupled to downstream canonical biochemical pathways through various transduction mechanisms, which can include calcium signaling via voltage-gated Ca^2+^ channels (VGCC) ([@b73-0060595]; [@b74-0060595]), *V*~mem~-dependent transport of small signaling molecules (e.g. serotonin) ([@b43-0060595]; [@b44-0060595]; [@b8-0060595]), electrophoresis of morphogens through gap junctional paths ([@b60-0060595]; [@b23-0060595]; [@b5-0060595]) and *V*~mem~-guided sodium and butyrate transport via the SLC5A8 exchanger ([@b62-0060595]; [@b33-0060595]; [@b47-0060595]; [@b101-0060595]). These processes can be independently targeted, in a suppression screen ([@b5-0060595]) to identify the specific mechanisms that, when blocked, inhibit the ability of hyperpolarizing channels to reduce ITLS incidence ([Fig. 6A](#f6-0060595){ref-type="fig"}).

![**Suppression screen is employed to probe biophysical mechanisms that transduce *V*~mem~ changes into transcriptional responses.** (A) Hyperpolarization can be transduced into transcriptional events and cell behavior changes by processes including calcium signaling via voltage-gated Ca^2+^ channels, *V*~mem~-dependent transport of signaling molecules (e.g. serotonin), electrophoresis of morphogens through gap junctions and *V*~mem~-guided movement of butyrate (tumor suppressor) via SLC5A8 ([@b55-0060595]; [@b58-0060595]). 5HT, serotonin; GJC, gap junction; VGGC, voltage-gated calcium channels; SLC5A8, sodium/butyrate exchanger. To identify a biophysical transduction mechanism responsible for hyperpolarization-mediated tumor suppression, these processes were independently blocked in the ion channel ITLS suppression assay using pharmacological or molecular reagents: 10 μM fluoxetine, which blocks the voltage-gated serotonin transporter SERT; 1.7 mM lindane, which blocks GJC; 0.1 mM cadmium chloride; and 1 ng *Vito-C* mRNA injection, which inactivates native SLC5A8 transporters. (B) Fold change in the number of embryos with ITLSs: the number of embryos injected only with *Kras^G12D^* that exhibited ITLSs was normalized to 1. The embryos co-injected with Kir4.1 show a 1.3-fold decrease in the number of embryos with ITLS (one sample *t*-test, \**P*\<0.01 compared with a normalized value of 1 that represents ITLS incidence in *Kras^G12D^*-only injected embryos). The observed significant decrease (ITLS suppression) was blocked only when Vito-C was injected together with *Kras^G12D^* and Kir4.1, implicating native SLC5A8 transporters in *V*~mem~-mediated suppression of ITLS.](DMM010835F6){#f6-0060595}

In order to begin to identify biophysical mechanisms that transduce *V*~mem~ changes to downstream events during voltage-mediated suppression of ITLSs, we performed a suppression screen using well-characterized inhibitors of *V*~mem~ sensing processes. Our four targets included serotonin transporter (inhibited via 10 μM fluoxetine); VGCC (blocked via 0.1 mM cadmium chloride); gap junctional communication (inhibited by 1.7 mM lindane); and sodium and butyrate transporter SLC5A8, which is targeted by Vito-C, a dominant-negative SLC5A8 mutant ([@b36-0060595]). Treatments targeting serotonin transport, VGCC and gap junctional communication did not significantly affect hyperpolarization-mediated suppression of ITLSs (not shown). However, misexpression of Vito-C in cells that are expressing oncogene plus hyperpolarizing channel resulted in significant reduction of hyperpolarization-mediated ITLS suppression events (*P*\<0.05) ([Fig. 6B](#f6-0060595){ref-type="fig"}), implicating SLC5A8 in voltage control of tumorigenic processes.

*V*~mem~-guided uptake of butyrate through SLC5A8 results in tumor suppression
------------------------------------------------------------------------------

We next tested whether ITLS suppression is indeed due to butyrate influx, rather than some other role of SLC5A8. We treated KRAS- and KRAS/Kir4.1-injected embryos with 10 mM of sodium butyrate and analyzed butyric acid levels per 60 embryos in each group. The analysis showed that butyrate intake was higher when embryos received hyperpolarizing mRNA injection (253 μg compared with 175 μg of non-hyperpolarized embryos) ([supplementary material Table S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.010835/-/DC1)). To demonstrate that butyrate uptake is responsible for tumor suppression, we treated *Kras^G12D^*-depolarized embryos with 75 μm butyric acid and scored for later ITLS incidence. The butyric-acid-treated group showed a 1.28-fold decrease (*P*\<0.05) in the number of embryos with ITLS compared with the *Kras^G12D^*-injected (but not treated with butyric acid) group ([Table 2](#t2-0060595){ref-type="table"}). These results are consistent with the known tumor-suppressor role of butyrate, which exhibits HDAC inhibitory activity ([@b54-0060595]; [@b14-0060595]; [@b24-0060595]).

###### 

*V*~mem~-directed suppression of ITLSs is mediated by butyrate

![](DMM010835T2)

Finally, we determined that HDAC inhibition is important in *V*~mem~-guided, butyrate-mediated tumor suppression by treating *Kras^G12D^*-injected embryos with trichostatin, a potent HDAC inhibitor. This resulted in significantly reduced ITLS incidence (1.42-fold decrease, *P*\<0.05) ([Table 2](#t2-0060595){ref-type="table"}). Taken together, these data suggest the hypothesis that hyperpolarization is transduced to cell behavior changes via SLC5A8-mediated transport of Na^+^ and butyrate, and that the HDAC inhibitory property of butyrate could be responsible for suppression of ITLSs at the transcription level.

DISCUSSION
==========

Given the importance of endogenous bioelectric signals in the regulation of normal cell function during pattern formation and morphostasis *in vivo* ([@b65-0060595]; [@b66-0060595]; [@b59-0060595]; [@b58-0060595]), we tested the hypothesis that transmembrane potential (*V*~mem~) could be both a convenient predictive marker and a functional parameter that could be manipulated to affect tumorigenic progression. We established the *Xenopus* tadpole as a highly tractable system in which the molecular genetics, biophysical transduction and physiology of the *in vivo* activity of human oncogenes ([Figs 1](#f1-0060595){ref-type="fig"}--[3](#f3-0060595){ref-type="fig"}) could readily be dissected in molecular detail. The tumor-like structures (ITLSs) have a number of commonalities with classic tumors, including induction by canonical oncogenes strongly associated with mammalian cancers, increased mitotic activity ([Fig. 2A--C](#f2-0060595){ref-type="fig"}), induced vasculogenesis ([Fig. 2F](#f2-0060595){ref-type="fig"}) and disorganization of normal developmental architecture ([@b37-0060595]; [@b105-0060595]; [@b107-0060595]). Whether they more closely resemble highly invasive tumors or less invasive variants (e.g. skin papillomas or colon polyps) is currently under investigation. Regardless of whether they recapitulate all of the complexities of a warm-blooded model, the high conservation of molecular mechanisms on the development-cancer axis, as evidenced by the insights gained from yeast and zebrafish ([@b40-0060595]; [@b63-0060595]; [@b84-0060595]), strongly suggests that lessons learned from this tractable model will reveal highly relevant new biology.

*V*~mem~ as a predicative bioelectric signature
-----------------------------------------------

The detection of cancer by bioelectric parameters was one of the first uses of sensitive voltmeters applied to biological systems ([@b27-0060595]; [@b25-0060595]; [@b26-0060595]). More recently, tumor cells have been shown to exhibit unique expression patterns of ion channels and pumps as compared with normal tissues ([@b30-0060595]; [@b72-0060595]; [@b29-0060595]; [@b10-0060595]; [@b3-0060595]; [@b41-0060595]; [@b97-0060595]; [@b85-0060595]). However, the physiological state of cells is a complicated function of all of the activities of the expressed ion translocators. Because channels and pumps are gated post-translationally and because voltage-mediated pathways are regulated by the sum total of the various ion gradients, there is rarely any one-to-one mapping between the expression of any single channel gene and the resultant bioelectrical properties. Thus, we tested direct readouts of the *V*~mem~ as a signature for early events in tumor formation that could be used as part of a detection strategy ([Fig. 4A](#f4-0060595){ref-type="fig"}).

ITLSs induced *in vivo* by misexpression of mammalian oncogenes displayed a relatively depolarized *V*~mem~ ([Fig. 4Bi left](#f4-0060595){ref-type="fig"}; [supplementary material Fig. S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.010835/-/DC1)) and could readily be detected by fluorescent voltage reporter dyes before becoming morphologically apparent ([Fig. 4B right](#f4-0060595){ref-type="fig"}). Our analysis revealed that depolarized *V*~mem~ has a predictive value of at least 45% (sensitivity \>44% and specificity \>78%) for *Gli1*-, *Kras^G12D^*- and *Xrel3*-induced ITLSs ([Fig. 4C](#f4-0060595){ref-type="fig"}). For comparison, the prostate-specific antigen (PSA) level in serum is used as a biomarker for prostate cancer, but only has ∼29% predictive value ([@b100-0060595]).

Thus, harnessing the potential of *V*~mem~ for clinical application will present several advantages over existing tumor biomarkers. First, almost all biomarkers that are currently in clinical use ([@b51-0060595]; [@b89-0060595]; [@b100-0060595]; [@b31-0060595]; [@b92-0060595]) are specific to only one type of cancer. By contrast, depolarized *V*~mem~ is associated with all three types of ITLSs tested ([Table 1](#t1-0060595){ref-type="table"}), implicating a universal role for *V*~mem~ change as an early indicator of tumorigenesis. Second, most biomarkers are, at best, minimally invasive, requiring microsurgery to acquire tissue samples and involving invasive procedures during the tumor detection process ([@b69-0060595]; [@b95-0060595]; [@b48-0060595]). By contrast, *V*~mem~ has much promising potential as a non-invasive, real-time, *in vivo* marker of tumors and their margins -- an imaging modality that can be used on intact tissue (or during surgery), bypassing such steps as biopsy and avoiding adverse effects on healthy tissues. Finally, *V*~mem~ promises an added advantage over other markers due to its high predictive value, thus allowing early intervention measures against tumorigenesis via targeted therapeutics ([@b15-0060595]). Potential applications include use directly on skin, oral mucosa, regions easily accessible by orthoscopically delivered light sensors, or real-time detection of tumor boundaries during surgery.

Several current limitations suggest future work for improving the value of transmembrane monitoring as a tumor marker. Although *V*~mem~ measurements were made using a double dye system, CC2-DMPE and DiBAC~4~(3), that allowed us to obtain artifact-corrected images with more contrast between different regions of the embryo, high false-positive values (\<48%) were still observed. False-positive values are, at least in part, dependent on the test sensitivity (the ability of depolarization to predict the formation of an ITLS). Although depolarization is an important parameter, future work will define a richer bioelectric profile (including *V*~mem~, pH and specific ion content) of prospective tumors ([@b78-0060595]) that can be used as a physiological signature to predict tumor formation with improved predictive success.

Control of tumorigenic process by *V*~mem~
------------------------------------------

Although recent data indicate that depolarization can trigger cancer-like phenotypes ([@b71-0060595]; [@b20-0060595]), suppression of ITLS formation by hyperpolarization and the relationship between bona fide oncogenes and transmembrane potential had not previously been explored. Crucially, our results show that the cells' unique depolarization of *V*~mem~ is not merely a marker, but is itself functionally instructive during the oncogenic process. The data show that misexpression of hyperpolarizing channels and oncogenes significantly suppresses formation of ITLSs in the same body regions ([Fig. 5B,C](#f5-0060595){ref-type="fig"}). Although hyperpolarizing channels largely reversed the oncogene-induced depolarization ([supplementary material Fig. S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.010835/-/DC1)), in 33% of the cases, *V*~mem~ was not driven back to normal levels. Thus, the ITLS suppression effect we report is an underestimate of the true efficacy of *V*~mem~ change to prevent tumor formation (because variability in ectopic channel expression prevented a sizable fraction of the animals from fully recovering a polarized resting potential). An additional factor contributing to incomplete suppression is likely to be the fact that our hyperpolarizing reagent is unable to mimic endogenous temporal variations in *V*~mem~ of healthy cells. Although significant differences in the profile of the resting potential over time (e.g. with the cell cycle) are observed between normal and transformed cells (reviewed by [@b19-0060595]), current technology allows only a simple hyperpolarization that might not recapitulate all of the subtle aspects of the *V*~mem~ signal that is responsible for keeping cells from neoplastic transformation. Future work, including the development of next-generation (temporally controllable) ion translocators and compilation of physiomics profiling data that reveal the full subtlety of desired spatiotemporal bioelectric states for normal cells, will be required to fully optimize this ITLS suppressive effect. Although we could not completely eradicate all ITLSs using doses of hyperpolarizing channel low enough to avoid inducing patterning defects in the host, even this simple method of hyperpolarization achieves a degree of ITLS suppression whose magnitude would certainly be significant and useful in a clinical setting.

The modulating effect of extracellular chloride levels in the GlyR-F99A experiments rules out ion-independent (e.g. scaffolding) roles of ion channels. Moreover, the observed suppression of ITLSs is also not the result of gene- or ion-specific roles of Cl^−^ or K^+^ channels. As previously shown in the case of left-right patterning ([@b61-0060595]; [@b8-0060595]) and eye induction ([@b80-0060595]), the ability to achieve the same effect using hyperpolarization driven by completely different channels and ion species (potassium or chloride) strongly indicates a signaling role for resting potential per se. The functional relationship between *V*~mem~ and ITLS formation is further validated by the fact that driving *V*~mem~ in the opposite direction (depolarizing cells) increases the incidence of ITLS formation ([Fig. 5C](#f5-0060595){ref-type="fig"}).

Our data are consistent with the growing body of literature implicating altered ion channel activities at different stages of neoplastic progression ([@b2-0060595]; [@b1-0060595]; [@b39-0060595]; [@b82-0060595]; [@b88-0060595]; [@b106-0060595]), and with recent efforts to target specific ion channels as cancer therapies ([@b53-0060595]; [@b21-0060595]; [@b11-0060595]; [@b12-0060595]). Indeed, a number of ion channels have been suggested as oncogenes ([@b91-0060595]; [@b81-0060595]; [@b83-0060595]; [@b47-0060595]; [@b77-0060595]; [@b87-0060595]). However, it is important to note that overall *V*~mem~ might be the key control point and that focusing on individual channels as oncogenes might provide an incomplete picture of the fundamental biology of the control system that suppresses tumor formation during morphostasis of the organism. We suggest that although individual channels that dominate *V*~mem~ in some cells are exciting and appropriate targets for functional intervention using pharmacological or genetic hyperpolarizing reagents, it will be essential to think about cancer progression as the result of a fundamentally physiological cell state, rather than adding ion channels to the list of genes used in cancer profiles ([@b90-0060595]).

Transduction of *V*~mem~ changes via SLC5A8
-------------------------------------------

Having shown that membrane potential regulates the ability of oncogenes to induce tumor-like structures, it is important to identify the transduction machinery that converts a fundamentally physical signal into second-messenger pathways that regulate transcription and cell behavior. How does hyperpolarization suppress the formation of ITLSs? Recent advances have revealed the molecular details of how bioelectric cues integrate with canonical genetic and biochemical pathways in a variety of systems. Studies of the role of transmembrane potential in vertebrate and invertebrate morphogenesis revealed several possible transduction mechanisms (reviewed by Adams and [@b58-0060595]; [@b58-0060595]); these include calcium influx through voltage-gated calcium channels ([@b16-0060595]; [@b86-0060595]) and voltage-dependent transport of small regulatory molecules via transporters ([@b43-0060595]; [@b20-0060595]) and gap junctions ([@b44-0060595]) ([Fig. 6A](#f6-0060595){ref-type="fig"}). However, blockade of these pathways did not affect ITLS suppression by hyperpolarization, making them unlikely candidates for mediating the voltage control of oncogene-driven tumorigenesis. However, a molecular-genetic loss-of-function experiment implicated that sodium-coupled monocarboxylate transporter (SLC5A8), as a dominant-negative mutant, suppresses the ability of hyperpolarization to modulate ITLS formation ([Fig. 6B](#f6-0060595){ref-type="fig"}). A role for SLC5A8-mediated transduction of voltage was recently proposed as a likely *V*~mem~ transduction mechanism in the bioelectric control of appendage regeneration ([@b101-0060595]). The functional role of butyrate is further validated by the reduced incidence of ITLS formation in oncogene-injected embryos treated with butyrate.

Butyrate analyses showed that influx of butyrate is closely linked with *V*~mem~, with higher levels of butyrate content resulting from induced hyperpolarization ([supplementary material Table S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.010835/-/DC1)). Our observation is consistent with a previous study showing *V*~mem~-dependent butyrate transport via SLC5A8 ([@b46-0060595]). However, under SLC5A8 inhibition, even hyperpolarized embryos would have low intracellular butyrate concentrations and high levels of ITLS incidence, in comparison with hyperpolarized oncogene-injected embryos with functional endogenous SLC5A8. Interestingly, downregulated expression of SLC5A8 is observed in colon cancer cells, which is attributed to limited intake of butyrate (a histone deacetylase inhibitor) that protects the host from colorectal cancer ([@b33-0060595]; [@b70-0060595]; [@b47-0060595]). Consistent with this fact, we confirmed that HDAC inhibition is important during butyrate-induced ITLS suppression, by using trichostatin, a potent inhibitor of HDAC I and HDAC II ([@b108-0060595]), to recapitulate *V*~mem~-driven suppression of ITLSs.

Collectively, the data presented here suggest a model ([Fig. 7](#f7-0060595){ref-type="fig"}) for *V*~mem~ and its instructive role in the regulation of normal morphostasis and dysregulation that leads to tumor formation. In unperturbed embryos, activities of several ion channels and pumps generate and maintain polarized *V*~mem~ ([Fig. 7A](#f7-0060595){ref-type="fig"}). Pharmacological and/or molecular-genetic targeting of ion channels and pumps results in hyperpolarized *V*~mem~, increasing influx of Na^+^ via SLC5A8, which powers the transport of butyrate into the cell ([Fig. 7C](#f7-0060595){ref-type="fig"}). Within the nucleus of hyperpolarized cells, butyrate acts as an HDAC inhibitor to limit growth. Hyperacetyaltion of histones (as a result of butyrate-induced HDAC inhibition) has been shown to arrest cell proliferation and cause differentiation in cancer cell lines ([@b67-0060595]; [@b38-0060595]), providing a satisfying composite view for a pathway that unifies bioelectric state, epigenetic transduction machinery and control of cell proliferation and differentiation during neoplastic events.

![**Model for *V*~mem~-mediated control of cell dynamics during normal development and neoplastic transformation.** (A) In unperturbed embryos, polarized *V*~mem~ is generated and maintained by several ion channels and pumps present in the plasma membrane; this condition allows moderate amounts of butyrate to influx through SLC5A8 and inhibits HDACs. This epigenetically regulates transcription machinery, thereby maintaining baseline level proliferation and differentiation compatible with normal somatic morphostasis. (B) Expression of oncogenes, or other physiological events \[e.g. non-genetically induced depolarization ([@b71-0060595]; [@b20-0060595])\], results in the inability of SLC5A8 to import butyrate. Higher HDAC activity then leads to overproliferation and other neoplastic changes leading to appearance of tumor-like structures. (C) The effect can be blocked by forced hyperpolarization via molecular and/or pharmacological targeting of H^+^, K^+^ or Cl^−^ ion translocators. Forced hyperpolarization of the overall transmembrane potential efficiently powers the uptake of Na^+^ through SLC5A8. This energetically favorable intake of Na^+^ drives the inward flux of butyrate through SLC5A8. High levels of butyrate continually block HDAC, which leads to hyperacetylation of important genes, resulting in cell cycle arrest and suppression of ITLS formation.](DMM010835F7){#f7-0060595}

Conclusion
----------

ITLSs formed in the *Xenopus* tadpole model by mammalian oncogenes exhibit a depolarized voltage potential. This is not only a convenient signature by which such regions can be detected in the organism before they become morphologically apparent, but is functionally instructive. Artificially hyperpolarizing the cells, by one of several convenient ion channel types, reduces the incidence of ITLSs formed, despite the high levels of oncogene expression in the tissue. The mechanism is mediated by SLC5A8 and the transport of small molecules that regulate epigenetic, cancer-relevant signaling. Collectively, these data identify a convenient new non-invasive marker for diagnosis, a strategy for normalization of tumors *in vivo* by control of resting potential, and a novel molecular pathway through which bioelectric events mediate morphostasis and the oncogene-driven escape of cells from the adaptive patterning program of the host organism.

MATERIALS AND METHODS
=====================

Animal husbandry
----------------

*Xenopus laevis* embryos were collected and fertilized *in vitro* according to standard protocols ([@b94-0060595]) in 0.1× MMR (pH 7.8) with 0.1% gentamicin. *Xenopus* embryos were housed at 14--18°C and staged according to Nieuwkoop and Faber ([@b75-0060595]).

Microinjection
--------------

Fertilized *Xenopus* embryos at the 16-cell stage were transferred into mesh-bottomed dishes with 3% Ficoll and injected with capped, synthetic mRNAs (made using the Ambion Message Machine kit) dissolved in water at the stages indicated. At 2 hours post-injection, embryos were transferred into 0.75× MMR for 45 minutes before they were washed and cultured in 0.1× MMR until the desired stage was reached. All procedures involving the use of animals for experimental purposes were approved by the Institutional Animal Care and Use Committees (IACUC) and Tufts University Department of Lab Animal Medicine (DLAM) under the protocol number M2011-70.

Imaging *V*~mem~ using CC2-DMPE and DiBAC~4~(3)
-----------------------------------------------

CC2-DMPE \[*N*-(6-chloro-7-hydroxycoumarin-3-carbonyl)-dimyristoylphosphatidyl ethanolamine from Invitrogen, Carlsbad, CA\], used to measure hyperpolarization, and DiBAC~4~(3) \[bis-(1,3-dibutylbarbituric acid) trimethine oxonol from Biotium, Hayward, CA\], used to measure depolarization, were used as a ratio pair. A 5 mM stock solution of CC2-DMPE in DMSO was used at 1:1000 in 0.1× MMR to treat embryos for 1 hour. After a quick wash with 0.1× MMR, embryos were transferred into a DiBAC~4~(3) solution (1.9 mM stock solution in DMSO used at 1:1000 in 0.1× MMR). Imaging was done while embryos were still in the DiBAC~4~(3) solution. An Olympus BX-61 equipped with a Hamamatsu ORCA AG CCD camera, controlled by MetaMorph software, was used for imaging. CC2-DMPE filters were: EX 405/20; BS 425; and EM 460/50 (Chroma filter set 31036, Chroma Technology, Bellows Falls, VT). DiBAC~4~(3) filters were: EX 470/20; BS 485; and EM 517/23 (Chroma filter set 41001). After corrections to remove camera noise and uneven illumination, the software was used to calculate the ratio of hyperpolarization signal (CC2-DMPE) to depolarizing signal \[DiBAC~4~(3)\] for an artifact-corrected image with more contrast between different regions of the embryo; the brighter the pixel, the more polarized the region it represents ([@b7-0060595]).

Predictive screening
--------------------

*Xrel3*- and *Gli*-injected *Xenopus* embryos were collected at the neurula stage, before ITLSs are morphologically and histologically apparent. Collected embryos were imaged using CC2-DMPE and DiBAC~4~(3) (as described above), and divided into two categories based on the presence of depolarized group of cells (intensity of fluorescent signal) and size of depolarized foci (area of fluorescent signal). Given possible false signals coming from tiny cell debris that take up imaging dyes, only embryos with depolarized foci greater than 2.45% of the embryo in the viewing field (under 4× objective), were categorized as having a true signal. The effectiveness of depolarization in predicting ITLS formation was quantified by calculating false positives (how many embryos with no detectable aberrant *V*~mem~ showed visible ITLS in tadpoles), false negatives (ITLS-positive tadpoles not showing aberrant *V*~mem~ as embryos), true positives (fraction of embryos with aberrant *V*~mem~ that developed into ITLS-positive tadpoles), sensitivity (fraction of ITLS-positive tadpoles that were preceded by depolarization) and specificity values (fraction of the non-ITLS forming cells that were not preceded by depolarization).

Immunohistochemistry
--------------------

Spatial analysis of cell proliferation was performed by immunohistochemistry in agarose sections, using an anti-H3B-*P* antibody (04-817; Millipore, Billerica, MA). Briefly, embryos were fixed overnight in MEMFA ([@b94-0060595]), embedded in agarose and sectioned at 150 μm using a Leica vibrotome. The sections were permeabilized in phosphate buffered saline (PBS) containing 0.1× Triton X-100 (PBTr) for 30 minutes, blocked with 10% goat serum in PBS containing 0.1% Tween-20 (PBST) for 1 hour, and incubated at 4°C overnight with anti-H3B-*P* primary antibody. Sections were then washed six times with PBST (1 hour each at room temperature) and incubated with Alexa-Fluor-647-conjugated secondary antibody at 1:1000 in PBST containing 10% goat serum overnight at 4°C. After five 1-hour washes in PBST, sections were mounted on a slide and photographed using an Alexa Fluor 647 filter set on an Olympus BX61 spinning-disk confocal microscope with Hamamatsu ORCA digital CCD camera.

Electrophysiology
-----------------

Sharp electrode recordings of *V*~mem~ were made using an oocyte clamp OC-725C amplifier (Warner Instruments, Hamden, CA). A glass microelectrode was pulled to a fine tip (80--100 Ω resistance), back-filled with electrode solution (2 M potassium acetate, 10 mM KCl, 5 mM HEPES pH 7.5) and used on a three-axis-manipulator. *V*~mem~ recordings were then acquired by using 0.1× MMR as the extracellular reference solution.

Statistical analysis
--------------------

Data were expressed as the mean unless otherwise noted. Error bars represent s.e.m. The differences between treatment groups were analyzed using Student's *t*-test or one-way ANOVA (Bonferroni post hoc analysis) and the null hypothesis was rejected at the 0.05 level.
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